Mice deficient for interferon regulatory factor (Irf )2 (Irf2 −/− mice) exhibit immunological abnormalities and cannot survive lymphocytic choriomeningitis virus infection. The pancreas of these animals is highly inflamed, a phenotype replicated by treatment with poly(I:C), a synthetic double-stranded RNA. Trypsinogen5 mRNA was constitutively up-regulated about 1,000-fold in Irf2 −/− mice compared with controls as assessed by quantitative RT-PCR. Further knockout of IFNα/β receptor 1(Ifnar1) abolished poly(I:C)-induced pancreatitis but had no effect on the constitutive up-regulation of trypsinogen5 gene, indicating crucial type I IFN signaling to elicit the inflammation. Analysis of Ifnar1 −/− mice confirmed type I IFN-dependent transcriptional activation of dsRNA-sensing pattern recognition receptor genes MDA5, RIG-I, and TLR3, which induced poly(I:C)-dependent cell death in acinar cells in the absence of IRF2. We speculate that Trypsin5, the trypsinogen5 gene product, leaking from dead acinar cells triggers a chain reaction leading to lethal pancreatitis in Irf2 −/− mice because it is resistant to a major endogenous trypsin inhibitor, Spink3.
-binding proteins | cathepsin B I nterferons (IFNs) are cytokines whose actions contribute to the first line of defense against infection. IFNs both render cells resistant to viral attack and regulate cell growth and differentiation (1) . IFNs elicit their pleiotropic effects by regulating the expression of many IFN-stimulated genes (ISGs). IFNs themselves are controlled by IFN regulatory factors (IRFs) that also regulate the expression of ISGs. By binding to IFN-stimulated response elements (ISREs) in gene promoters, the nine known IRF family members (IRF1-9) govern the production of cytokines related to inflammation and immune responses.
When pattern recognition receptors (PRRs) such as Toll-like receptors (TLRs) and retinoic acid-inducible gene-I (RIG)-like receptors detect pathogen ligands, these receptors are activated (2) and transduce downstream signaling, activating IRFs and IFNs. Analyses using knockout (KO) mice deficient for various IRFs have revealed their physiological roles. For example, IRF2 functions mainly as a transcriptional repressor by competing for binding to ISREs with other IRFs, especially IRF9 and IRF1 (1) .
Irf2-deficient (Irf2 −/− ) mice spontaneously develop inflammatory skin disease as they age, and die within weeks from lymphocytic choriomeningitis virus (LCMV) infection (3). Ablation of IFNα/β receptor 1 (Ifnar1) or Irf9 ameliorates the skin inflammation of Irf2 −/− mice, suggesting that IRF2 negatively regulates gene expression by antagonizing IRF9, which is activated by type I IFN (I-IFN) (4) . However, the precise mechanisms underlying the phenotypes of Irf2 −/− are not known. In this study, we found that poly(I:C) (pIC) mimicked LCMV-induced pancreatitis, and we have used double KO mice to explore the cause of death in pICtreated Irf2 −/− mice. Our results show that significant trypsinogen5 up-regulation in Irf2
−/− mice together with I-IFN-dependent transcriptional activation of dsRNA-sensing PRRs were critical for the pIC-induced death. 
Results and Discussion

LCMV-infected Irf2
−/− mice die within 4 wk postinfection (3), but all Irf2 −/− mice challenged intraperitoneally with poly(I:C) (pIC-Irf2 −/− mice) died within 1 wk (Fig. 1A) . Severe acute pancreatitis was apparent in pIC-Irf2 −/− mice, as shown by abundant TUNEL + apoptotic cells (Fig. 1B) . Even in the absence of pIC, however, some abnormalities were detected in Irf2 −/− pancreas, as indicated by hematoxylin and eosin staining (Fig. 1C ) and electron microscopy ( Fig. 1D) . A mild infiltration of inflammatory cells (particularly lymphocytes) was noted around Irf2 −/− ductal cells, but this pancreatitis was not typical. The pancreatic acinar cells in untreated Irf2
−/− mice were filled with eosinophilic secretory granules of heterogeneous size, whereas fewer eosinophilic granules of more uniform size were observed mainly in the apical region of WT acinar cells. Interestingly, treatment of Irf2 −/− mice with the stable cholecystokinin (CCK) analog cerulein (5) did not cause acute pancreatitis, as assessed by electron microscopy and serum amylase levels ( Fig. S1 A and B) . Because mRNA expression of CCK receptors in Irf2 −/− mice was normal (Fig. S1C) , these results suggest that the secretory and/or vesicle transport systems in Irf2 −/− mice are dysfunctional. The mRNAs encoding the Ca 2+ -binding proteins Anxa10, Ahsg, and S100-G involved in Ca 2+ -dependent vesicle transport, sorting, and fusion processes were significantly up-regulated in Irf2 −/− pancreas (Table S1 ). The secretory dysfunction observed in cerulein-treated Irf2 −/− mice (6), which is due to an abnormal distribution pattern of normal levels of soluble N-ethylmaleimide-sensitive factor attachment protein receptors (SNAREs) (6), may be due to the abnormal expression of these Ca 2+ -binding proteins in the absence of IRF2, because annexin family proteins are known to bind and regulate SNAREs (7) .
Skin inflammation in Irf2 −/− mice was rescued by abolishing IFN signaling (4) . We asked whether the atypical pancreatitis in Irf2 −/− mice could be similarly rescued by crossing the Irf2 −/− mutants to Ifnar1-, Irf1-, or Trif-deficient mice (3, 8, 9) to gen- (Fig. 1D) . Thus, the abnormal acinar structure caused by Irf2 disruption is not mediated by IFN signaling.
To assess pancreatitis in double knockout mice, we measured serum amylase levels before and after pIC challenge (Fig. 1E) . Serum amylase was elevated in pIC-Irf2 −/− and pIC-Irf2 and WT mice ( Fig. 2A) . In Irf2 −/− mice, 14 annotated genes were upregulated and 8 genes were down-regulated more than 10-fold (Table S1 ) compared with WT mice. The transcriptional profiles of genes important for the etiology of pancreatitis (10, 11) are listed in Table 1 . Strikingly, trypsinogen5 mRNA was up-regulated >100-fold in pIC-Irf2 −/− pancreas, a noteworthy observation because trypsinogens activate many other pancreatic enzymes, and premature intracellular activation of trypsinogens in pancreatic acinar cells triggers acute pancreatitis (10, 11) . There are 20 trypsinogen genes (T1-T20) in the murine T-cell receptor β gene locus (12), 12 of which express trypsinogen proteins (Fig. S2 , Right), whereas humans have only 3 trypsinogen genes encoding three proteins: PRSS1, PRSS2, and PRSS3 (Fig. S2 , Left) (13). The gene expression profile of pIC-Irf2 −/− pancreas is inflammation-prone: Mouse trypsinogen mRNAs of T11 (Prss3) and T4 (Trypsinogen5) were up-regulated (Table 1) ; the mRNA encoding cysteine protease cathepsin B (Ctsb), an enzyme that can initiate pancreatitis by activating trypsinogens (14-16), was also up-regulated ( Table 1 ). The mRNA encoding chymotrypsin C (Ctrc) was down-regulated and another anti-inflammatory factor inter-α-trypsin inhibitor was also downregulated, although the mRNA encoding Kazal type 3 (Spink3), a serine protease inhibitor that blocks trypsin activity (17) , was slightly up-regulated.
We examined the tissue specificity and dependency on IRF2 and IFNAR1 of trypsinogen5 expression by quantitative RT-PCR. In untreated WT mice, trypsinogen5 is expressed most highly in pancreas and skin and modestly in spleen (Fig. S3A) . In untreated Irf2
−/− mice, trypsinogen5 expression in the pancreas was up-regulated ∼1,000-fold compared with controls, and was not affected by IFNAR1 ablation. Trypsinogen5 mRNA was up-regulated in Irf2 −/− spleen to a much lower extent than in Irf2 −/− pancreas, and was not detectable in liver or lung of WT or Irf2 −/− mice. We examined the effects of various IRFs on the activity of the murine trypsinogen5 promoter, which contains seven ISREs. We cloned a 1.1-kb fragment of the trypsinogen5 promoter region (−1063 to +15) to create a series of promoter deletion construct mutants driving the firefly luciferase reporter gene (Fig. 2B , Left). These were transfected into HEK293T cells along with plasmids overexpressing murine IRF1, human IRF5, IRF7, or MyD88. MyD88 was required for IRF-mediated activation of trypsinogen5 ISREs, and significant promoter activity was observed when IRF1, IRF5, or IRF7 was overexpressed (Fig. S3B) . Furthermore, the −216 to +15 promoter region of trypsinogen5 was sufficient for responses to IRF1 or IRF7 stimulation (Fig. S3C) . Overexpression of IRF2 inhibited IRF1-or IRF7-stimulated promoter activity in a dose-dependent manner (Fig. S3D) . These data suggest that IRF2 binds to the proximal promoter of trypsinogen5 and inhibits the access of IRF1, IRF5, and IRF7 to ISRE sites in this region.
To confirm this hypothesis, we transfected TGP49 cells, a mouse acinar cell line, with trypsinogen5 promoter deletion series reporters as well as with plasmids expressing IRF1, -5, or -7, and assessed the promoter activities (Fig. 2B, Right) . The basal promoter activity was drastically decreased by deleting the −216 to −100 region containing two ISREs, a nuclear factor-activated T cell (NFAT), and an activator protein 1 (AP-1) binding site. In contrast to 293T cells, the trypsinogen5 promoter in TGP49 cells could be activated by exogenously expressed IRF5 or IRF7 without MyD88 (Fig. 3A) . The promoter could not be activated by IRF1 even in the presence of MyD88 expression. The regions responsive to IRF5 and IRF7 were confirmed to be ISRE4 (−62 to −59) and ISRE3 (−55 to −49) by site-specific mutation analysis (Fig. 2C) . The IRF5-and IRF7-dependent promoter activities were significantly (P < 0.05) enhanced by knocking down Irf2 with specific siRNA compared with control (scrambled) siRNA (Fig. 3A) . To confirm IRF2 binding to the proximal promoter of trypsinogen5 in pancreatic acinar cells in vivo, we performed chromatin immunoprecipitation (ChIP) assays in TGP49 cells using specific PCR probes spanning all seven ISREs (−173 to +56) in the trypsinogen5 promoter. Anti-IRF2 antibody specifically precipitated the trypsinogen5 promoter, as determined by semiquantitative PCR (Fig. 3B ) and real-time PCR (Fig. 3C) . These results suggest that in WT mice, trypsinogen5 expression in pancreatic acinar cells is repressed by the binding of IRF2 to ISREs in the proximal promoter region. However, in Irf2 −/− mice, the trypsinogen5 gene is activated because IRF5 and IRF7 can access the ISREs in the absence of IRF2.
IRF5 and IRF7 are critical inducers of the expression of proinflammatory cytokines and type I IFNs, respectively (18, 19) , and these activities require MyD88. In WT cells, IRF4 inhibits IRF5 function by sequestering MyD88 (18). IRF2 did not associate with MyD88 (18) but, in our study, it did bind to the ISREcontaining region in the trypsinogen5 promoter (Fig. 3 B and C) . Therefore, we postulate that IRF2 inhibits IRF5 and IRF7 activity by competing with them for binding to ISREs, rather than by sequestering MyD88.
Trypsinogen5 Is Resistant to the Trypsin Inhibitor Spink3. Comparison of mouse trypsinogen5 to other mouse and human trypsinogens (Fig. S4) showed that, although the N-terminal activation peptide sequence (NSDDK-I) in trypsinogen5 differs from that in other trypsinogens (DDDDK-I), other important regions, including the triad amino acid sequence H-D-S, required for enzymatic activity are conserved (10, 11) . In addition, tryptic activity in cell lysates of 293FT cells overexpressing trypsinogen5 was dramatically enhanced by treatment with enteropeptidase ( Fig. 4 A and B) . The trypsinogen5 inhibitor binding site (DSCDGDS), which prevents premature activation, differed from that found in most trypsinogens (DSCQGDS) (10, 11) , resembling the inhibitor binding site (DSCQRDS) of the human trypsin inhibitor-resistant PRSS3 enzyme. In addition, the trypsin autolytic cleavage site (Q-V) in trypsinogen5 differed from that in other trypsinogens (R-V), suggesting that trypsinogen5 is resistant to both trypsin inhibitors and self-inactivation. Indeed, trypsinogen5 was resistant to inhibition by Spink3, a major en- . Points 1 and 2, trypsinogen5 with different probes; 3, α-2-HS-glycoprotein (Ahsg); 4, annexin A10 (Anxa10); 5, fetuin-β (Fetub); 6, 3-hydroxy-3-methylglutaryl-CoenzymeA synthase2 (Hmgcs2, HMGCoA synthase); 7, Ig κ chain variable8 (Igk-V8); 8, unknown; 9, carbonic anhydrase 3 (Car3). (B) A series of deletion mutants of trypsinogen5 proximal promoter region (−216 to +15) was placed upstream of a luciferase reporter gene (1 μg) and analyzed for transcriptional activity in mouse pancreatic acinar cells using a dual luciferase assay at 24 h posttransfection in combination with expression vectors (100 ng) expressing IRF5 or IRF7 or a control vector. The basal luciferase activity of each deletion, measured relative to the −216 to +15 region, and the responses to IRF5 and IRF7 expression vectors are shown as fold increase compared with the control vector. The TATA box, ISRE core, and NFAT-and AP-1 binding sites are indicated. *P < 0.05 versus the −216 to +15 region. (C) Point mutations were introduced into each ISRE site (indicated by x) of the trypsinogen5 promoters as described in Materials and Methods. The promoter activity of each mutant trypsinogen5 was determined with a dual luciferase assay system. *P < 0.05 versus wild type. The levels of gene expression in the pancreas are shown in Affymetrix units. The trypsinogen5 data are Point 1 in Fig. 2 .
dogenous trypsin inhibitor in mice (Fig. 4 C and D) , as well as by soy bean trypsin inhibitor (Fig. S5 A and B) . Analysis of the evolutionary pedigree in Fig. S6 showed that mouse trypsinogen5 is most distant from mPrss1 and mPrss2, just as human PRSS3 is most distant from PRSS1 and PRSS2. Therefore, we believe that mouse trypsinogen5 is a homolog of human PRSS3. Moreover, our data suggest that, in the absence of IRF2, trypsinogen5 is highly expressed and exacerbates pIC-induced pancreatitis due to its inhibitor-resistant nature. mice, only mild inflammation around acinar cells was observed and pancreatitis did not occur. We hypothesize that trypsinogen5 as well as mPrss1, -2, and -3 leaking from dying acinar cells are activated by proteases such as cathepsin B or enteropeptidase, also released from these cells. These activated trypsins trigger signals to induce the death of many acinar cells, a process of cell death amplification we refer to as the "enhancing loop" of acinar cell death. In this way, the initial death of a few cells induced by pIC can precipitate severe pancreatitis. This idea is supported by a report that the extracellular or intracellular treatment of pancreatic acinar cells with active trypsins causes acinar cell death (20) . In this study, the enteropeptidase cleavage site (-DDDDK-) of rat trypsinogen was replaced with a cleavage site (-RTKR-) recognized by paired basic amino acid-cleaving enzyme (PACE). This allowed the rat trypsinogen to be activated intracellularly with the ubiquitously expressed PACE enzyme rather than with enteropeptidase, which is expressed mainly in the duodenum. We created a PACE-trypsinogen5 enzyme that successfully induced the apoptosis of 293FT cells when overexpressed (Fig. 4 E and F) . These results indicate that proteolytic activation of trypsinogen5 is sufficient to induce cell death.
Because pIC-dependent pancreatitis in Irf2 −/− mice can be prevented by inactivating IFNAR1 signaling (Fig. 1E) , we focused on IFN signaling pathways to identify candidates that might trigger initial cell death following pIC treatment. Indeed, 
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Control siRNA IRF2 siRNA * * * A B Fig. 3 . IRF2 binds to the promoter region of trypsinogen5 gene. (A) The effects of siRNAs (3 μg) specific to IRF2 or a control scrambled sequence on transcriptional activity of the −216 to +15 luciferase reporter in TGP49 acinar cells were measured. *P < 0.05 versus control siRNA. (B) A chromatin immunoprecipitation assay was done using TGP49 acinar cells with the IRF2-specific antibody (5 μg) or the same amount of control nonspecific IgG. The precipitated chromatin fragments were detected by PCR with a trypsinogen5 promoter-specific primer set at 35 cycles or a negative control primer set for angiotensinogen (Agt) exon2 at 30 (Upper) and 35 (Lower) cycles. The input before precipitation indicates the predicted size (Trp5, 229 bp; Agt, 221 bp) of the PCR product.
(C) The ChIP assay done in B was quantitatively measured using a real-time PCR method with the same primers. The relative amounts of β-actin were calculated, and the amounts of chromatin fragments precipitated with the anti-IRF2 antibody were shown relative to those with the nonspecific control antibody (IgG). *P < 0.01 versus control IgG. (Table  S2) . Because these proteins are associated with cell death pathways dependent on TRIF or IPS-1, we examined the effect of IRF2 loss on these well-characterized systems (21, 22) . TRIF binds to receptor-interacting proteins and thereby activates caspase8 via FADD to induce cell death (21) , whereas the IPS-1-dependent cell death pathway, which is triggered by MDA5 or RIG-I, is reported to activate caspase9 via the mitochondrial pathway dependent on Apaf-1 and cytochrome c (22). We confirmed that 293FT cells transfected with TRIF-expressing plasmid underwent apoptosis, as shown by staining with FITClabeled annexin V (Fig. 5B) . Next, we used the MTT viability assay to quantify the extent of cell death induced by IFN-related molecules in the presence or absence of pIC and IFNα. Exogenous overexpression of IPS-1 or TRIF significantly enhanced the death of pIC-and IFN-treated 293FT cells, and the death-inducing effects of MDA5 and RIG-I were enhanced by cotransfection with IPS-1 (Fig. 5A) . These results suggest the existence of at least two pIC-dependent cell death pathways: one TLR3/ TRIF-dependent and one RIG-I/MDA5/IPS-1-dependent.
We used real-time PCR to examine the induction of TLR3, RIG-I, and MDA5 mRNAs in pIC-treated WT, Irf2 −/− , and
The levels of all three mRNAs were induced by nearly 100-fold in both pIC-WT and pIC-Irf2 −/− mice, and these increases were abolished by deletion of IFNAR1 (Fig.  5 C-E) . The IFN signal activation triggered by pIC is essential to initiate TLR3/TRIF-and RIG-I/MDA5/IPS-1-dependent acinar cell death, but is not sufficient to cause pancreatitis (Table S3 ). The elevation of trypsinogen5 expression mediated by abolishing IRF2 is also necessary for enhancing the cell death leading to lethal pancreatitis.
Activation Mechanisms of Mouse Trypsinogen5 and Human PRSS3.
Trypsinogens (including trypsinogen5) can be activated in pancreatic acinar cells, or in other cells or tissues by enteropeptidase expressed in nonduodenal cells (23) such as in keratinocytes and oral carcinoma cells (24, 25) . It is possible that keratinocyteexpressed enteropeptidase activates the trypsinogen5 expressed in skin (Fig. S3A) , promoting age-dependent skin inflammation in Irf2 −/− mice (4). Another possibility could be that proteases in addition to enteropeptidase can cleave pancreatic trypsinogen5. We have confirmed that cathepsin B, whose expression was elevated in Irf2 −/− mice, can activate trypsinogen5 in vitro (Fig. S5C) . The last possibility is that autocatalytic cleavage of trypsinogen, usually restricted under steady-state conditions, is accelerated in response to chemical stress or viral infection. Indeed, the autoactivation of trypsinogen is reportedly accelerated in low pH or by Ca 2+ in vitro (26) . In conclusion, this study has identified important genes associated with IRF2 functions in mice. Our results suggest that IRF2 influences the expression of mouse trypsinogen5, whose human counterpart is PRSS3. Our data should therefore help to elucidate new IRF functions in humans.
Materials and Methods
Mice. Irf1
−/− and Irf2 −/− mice have been described (3) . IFNα/β receptor 1 (Ifnar1) −/− mice were purchased from B&K Universal (8) . TRIF −/− mice have been described (9) . Histological Analysis. Pancreas tissues were fixed overnight in 10% formalin, embedded in paraffin, sectioned, and stained with hematoxylin (0.4%) and eosin (0.5%) for light microscopic analysis. For electron microscopic analysis, the tissues were fixed in 2.5% glutaraldehyde solution buffered to pH 7.4 with 0.1 M phosphate buffer for 4 h at 4°C. Postfixation was performed with 2% osmium tetroxide solution buffered to pH 7.4 with the same buffer for 2 h at 4°C, and they were embedded, sectioned, and doubly stained with uranyl acetate and lead nitrate. 
